Introduction
Silver nanoparticles (AgNPs) are used for various applications, e.g. in consumer products like cosmetics, disinfecting medical devices or food packaging. For these usages the formation of ionic silver from the nanoparticles is prerequisite since Ag + causes the antimicrobial properties of AgNPs. After release from products ionic silver could cause various effects in the environment. Thus the characterization and assessment of the release of ionic silver from AgNPs under environmental conditions is a major topic in nanoparticle research.
The ecotoxicity of silver nanoparticles (AgNPs) has been the subject of intense research (Levard et al., 2012; Handy et al., 2011) and potential effects on several organisms have been discussed (Ratte, 1999; Navarro et al., 2008; Fabrega et al., 2011) . The dissolution and transformation of AgNPs into ionic silver has been investigated (Lee et al., 2012; Kent and Vikesland, 2012; Zhang et al., 2011) and the toxicity of AgNPs on several organisms has been examined .
The toxicity of AgNPs on the aquatic and terrestrial environment is mostly explained by the release of silver ions (Navarro et al., 2008) . The dissolution seems to depend on several factors as pH, salinity as well as the presence of divalent ions and natural dissolved organic matter (Handy et al., 2011) .
The main effects of ionic silver are the inhibition of the activity of Na + -/K + -ATPases and a dysfunction of the mitochondria caused by the accruement of reactive oxygen species . The effect concentration (EC50) of dispersed AgNPs for Daphnia magna was determined to 7.98 μg L −1 (Lee et al., 2012) . For Danio rerio, Chio et al. (2012) calculated a mean LC 50 -value of 26.2 mg L −1 for AgNPs with a mean diameter of 5-20 nm.
In the present study, the solubility of AgNPs in standardized water according to OECD guidance document 29 (OECD, 2001) simulates environmental conditions with defined salt concentrations. Understanding the transformation and dissolution of AgNPs forming ionic silver can help to predict ecotoxicological effects on the environment (Zook et al., 2011) . Zhang et al. (2011) reported that the dissolution of AgNPs with a mean diameter of 20 nm in media in the absence of chloride is higher than in media containing this anion. On the other hand, the presence of chloride and other ions can result in an increased formation of aggregates and other agglomerates of AgNPs (Chernousova and Epple, 2013) . Loza et al. (2014) showed that released silver ions rapidly precipitated as silver chloride and the Ag + concentration was "very small (<1 ppb)".
Here the OECD (2001) protocol was applied to investigate the transformation and dissolution (T/D) behavior of NM-300 K AgNPs in standardized water with defined salt concentrations in order to simulate environmental conditions. The OECD 29 guidance document is often applied for the assessment of the environmental behavior of metals and metal compounds as reported by Skeaff et al. (2011) . Furthermore the transformation and dissolution of different metal species (e.g., oxidation states) of a compound can be investigated by this approach (as reported, e.g., by Skeaff et al., 2008) . The focus of this study was to describe the behavior of both, Ag-NPs and Ag + , during a T/D test period of up to 28 days. The outcome should be used to assess the applicability of the transformation/dissolution testing according to OECD guidance document No. 29 in general and specifically for nanomaterials.
Materials and methods

Test design
The transformation/dissolution (T/D) test was performed following OECD guidance document No. 29 (OECD, 2001) . The tests were conducted at pH 6 and 8. Three loadings (1, 10 and 100 mg L −1 ) of AgNPs were applied. For each loading at each pH the test was performed in triplicate. The vessels were placed on orbital shakers in a thermostatically controlled room (21.5 ± 1.5°C).
AgNPs
In the stock dispersion AgNPs (NM-300 K) were stabilized in polyoxyethylen-glycerol (20) with sorbitan-mono-laurat (Tween 20), with 4% w/w% each (Klein et al., 2011) . The nanoparticles exhibit a mean diameter of 20 nm with no additional coating referred to manufacturer information. The stock dispersion contained 200 mg AgNPs in 2 mL of solution. For the test, 8 mL ultrapure water (>18 M cm; Purelab Ultra MK 2 Analytik; ELGA LabWater) was added to the stock dispersion followed by sonification for 15 min (VWR; standard laboratory Ultrasonic Cleaner; USC1200TH). Then, the required amount of nanoparticles was removed from this dispersion. For example, 5 mL of this dispersion contained 100 mg AgNPs. Before addition of AgNPs to the test medium, an identical volume of test medium was removed from the vessels to ensure exact loadings.
Test medium
For pH 8, the applied test medium consists of the following salts and concentrations: NaHCO 3 65.7 mg L −1 , KCl 5.75 mg L −1 , CaCl 2 × 2H 2 O 294 mg L −1 and MgSO 4 × 7H 2 O 123 mg L −1 . This resembles the standard medium according to OECD guidance document 29 with defined salt concentrations (OECD, 2001) . For pH 6, the medium has 5% of the given salt concentrations for pH 8.1 L of the medium was always filled into 3 L vessels to obtain a defined liquid to air ratio in accordance with the OECD guidance document 29. Test media were prepared at least 24 h prior to applying the AgNPs to establish stable pHs and equilibrate with carbon dioxide from the air. The concentration of total chloride for pH 8 media was 4.08 mmol L −1 = 145 mg L −1 and 0.208 mmol L −1 = 7.23 mg L −1 for pH 6 media, respectively.
Sampling and sample preparation
Samples were taken after 2 h, 6 h, 24 h, 96 h and 168 h for all loadings. For the loading of 1 mg L −1 additional samplings after 336 h, 504 h and 672 h were required. For each sampling point and each vessel the pH (WTW Weilheim inoLab 720, WTW pH-Electrode SenTix 41) and the oxygen concentration (HANNA Instruments HI9146, Electrode Hl76407/4F) was measured.
Volumes of 2 × 20 mL for total silver analysis and 5 mL for centrifugal filtration were taken from each vessel at each sampling point. The withdrawn solution was replenished with the respective media after samplings according to the guidance document: 135 mL after 24 h and 45 mL after each following sampling, except after last sampling points.
Speciation of total and ionic silver
For assessment of the concentrations of different silver species it is of great importance to differentiate between dispersed silver <0.2 μm and silver ions. The separation of silver species <0.2 μm (operationally defined AgNPs' and agglomerates' fraction) was achieved by filtration through a polyethersulfone (PES) membrane filter (0.2 μm; DIA-Nielsen). The operationally defined ionic silver fraction was separated by centrifugal filtration using 3000 Da double PES membrane vials (Sartorius Stedim Biotech; Vivaspin 6). Therefore, tubes were centrifuged at 2600 × g for 60 min at 20°C (Thermo Electron Corporation, Jouan CR3i). Validation experiments of a similar centrifugation protocol by Levard et al. (2013) revealed the applicability of the method, i.e. the ions were nearly separated completely (approx. 97%) from the AgNPs.
Analysis
The silver analysis was performed by ICP-MS (Agilent Technologies; 7700 Series) and ICP-OES (Agilent Technologies; 720 Series).
Analysis with ICP-OES
For samples with an expected concentration above 1.5 μg L −1 the analysis was performed by ICP-OES. For sample preparation, 200 μL of each sample were dissolved in 400 μL nitric acid (69%, Carl Roth GmbH & Co. KG; Rotipuran Supra) and manually agitated for one minute. Afterward, 5.4 mL hydrochloric acid (30%, J.T. Baker Avantor Performance Materials B.V.; Instra-analyzed) was added to the sample. The excess of hydrochloric acid is necessary to form the soluble [AgCl 2 ] − complex (Zook et al., 2011) . Silver was detected by ICP-OES at a wavelength of 328.068 nm. For measurement, the stabilization time was 15 s and each sampling period was 30 s. The plasma conditions were optimized to 950 W. Gas flows were 15 L min −1 for plasma gas, 1.5 L min −1 for cooling gas and 0.75 L min −1 for the nebulizer gas.
Analysis by ICP-MS
The prepared samples (2.6.1) were diluted by mixing 1 mL of sample with 3 mL of nitric acid (10%) for analysis by ICP-MS. Silver was quantified using isotope 107 Ag. A rhodium standard (Merck KGaA; CertiPUR) was applied as internal standard. All concentrations were evaluated using the data of the no-gas mode of the analytical device. The data of the gas modes of the collision cell were not used because interferences at 107 Ag were not observed. Integration time was set to 0.1 s and plasma conditions were adjusted to 1500 W. Gas flows were 0.96 L min −1 for carrier gas and 0.13 L min −1 for dilution gas.
Calibrations
For the ICP measurements matrix adjusted calibrations were applied. A standard with a concentration of 1 g L −1 silver in 0.5 M nitric acid (Merck KGaA; CertiPur) was used for preparing calibration solutions.
Limit of detection (LOD) and quantification (LOQ)
The LOD was calculated as three times the standard deviation of calibration blanks in counts per second (CPS) divided by the slope of the calibration (Geiss and Einax, 2001) . The LOQ was calculated as three times the LOD. This method follows the German standard DIN 32645, current version 2008, according to Geiss and Einax 2001.
Validation and quality assurance 2.7.1. Validation of the digestion procedure
To accurately quantify the silver concentrations it was necessary to dissolve the AgNPs. Therefore, a volume of 10 μL of the dispersed particles was added to a vial. The nominal mass of silver in this vessel was 200 μg. The particles were dissolved in 9.99 mL of nitric acid (2%). The resulting nominal concentration of silver was 20 mg L −1 . 20 μL of this solution were dissolved in 300 μL nitric acid (2%) and 680 μL nitric acid (30%). After agitation 9.00 mL HCl (30%) were added. The finally resulting nominal concentration of silver of 40.0 μg L −1 was compared to the measured concentration of 40.2 μg L −1 . The recovery was calculated to be 100.5%, demonstrating the applicability of the digestion procedure.
Mass balance
For verification, a mass balance was performed, to ensure the exact loadings of the AgNPs. The mass balance was conducted with an exemplarily chosen vessel (loading of 10 mg L −1 AgNPs). Therefore all used equipment was washed with aqua regia (HNO 3 [69%] and HCl [30%] in a ratio of 3:1) and the resulting solutions were quantified for their silver content. After test end 500 mL of aqua regia were added to the remaining volume in the respective vessel and the latter was sampled after 24 h. All aqua regia solutions were investigated for their silver content and the mass balance was calculated using this data. Resulting mass of silver in the solutions as well as in the samples were added and compared to the theoretical weighted mass of AgNPs. After quantification the total mass of silver in the vessel was 9.77 mg (97.7% of the loading). 92.7% of the silver remained in the vessel, either precipitated or adsorbed to the glass. The difference of 7% corresponds to the silver in the volume removed as samples and in the filter membranes.
Blanks
All method blanks sampled during the T/D test exhibited total silver concentrations below LODs (<0.922 ng L −1 for ICP-MS and <0.062 μg L −1 for ICP-OES).
Results
Testing with a loading of 1 mg L −1 over 28 days
At pH 6 the concentration of silver <0.2 μm changes during 28 days. After 2 h the concentration of silver <0.2 μm was 140 ± 40 μg L −1 , after 6 h 120 ± 20 μg L −1 and after 24 h 150 ± 40 μg L −1 . The silver concentration <0.2 μm after 24 h equals the amount of silver <0.2 μm after 96 h with 150 ± 30 μg L −1 . The silver concentration <0.2 μm after 168 h was 39 ± 32 μg L −1 and decreased within 672 h to 7.67 ± 3.72 μg L −1 . The concentrations of ionic silver at all sampling points were quantified to be in the range 5.34-39.1 μg L −1 .
At pH 8 the concentration of silver <0.2 μm decreases during the test. After 2 h the silver concentration <0.2 μm was 120 ± 60 μg L −1 , after 6 h 38 ± 14 μg L −1 , after 24 h 24 ± 1 μg L −1 , after 96 h 24 ± 1 μg L −1 and at 168 h 26 ± 1 μg L −1 . Although some standard deviations do not point at clear differences between the values a decrease is observable in Fig. 1 . In the period from 336 h to 672 h nearly no change in the concentration of silver <0.2 μm can be seen (range: 24.2-32.7 μg L −1 ). The concentration of ionic silver during the 168 h testing period was always in the range of μg L −1 (12.3-28.3 μg L −1 ), indicating a low transformation and dissolution of AgNPs to free ionic silver at a stable level. The mean pH values during 28 days of testing were measured to be 6.17 ± 0.18 and 7.61 ± 0.18, respectively, for the different media. The pH values showed only low variations. Fig. 1 shows that all concentrations were approximately in the same range after 168 h.
Testing with a loading of 10 mg L −1 over 7 days
At pH 6 the concentration of silver <0.2 μm decreases during 168 h. After 2 h the concentration of silver <0.2 μm was 5400 ± 160 μg L −1 , after 6 h 3570 ± 720 μg L −1 and after 24 h 1940 ± 790 μg L −1 . The silver concentration <0.2 μm after 24 h equals the amount of silver <0.2 μm after 96 h and 168 h. The concentration of ionic silver at all sampling points was in the range of 67.2-86.2 μg L −1 .
At pH 8 the concentration of silver <0.2 μm decreased during the test. After 2 h, the silver concentration <0.2 μm was 5900 ± 120 μg L −1 . Then, levels decreased. After 6 h 4550 ± 90 μg L −1 , after 24 h 1600 ± 260 μg L −1 , after 96 h 110 ± 20 μg L −1 and after 168 h only 60 ± 20 μg L −1 was measured. Fig. 2 visualizes the decrease of Ag in the medium in the beginning of the test. The concentration of ionic silver during the 168 h of testing was always in a low range (24.1-29.0 μg L −1 ), indicating a low transformation and dissolution of AgNPs to ionic silver under these conditions.
During the 168 h of testing the measured mean pH values + standard deviations were 6.07 ± 0.15 and 7.92 ± 0.10. The media without silver additions had mean pH values of 6.10 ± 0.13 and 7.90 ± 0.11.
Testing with a loading of 100 mg L −1 over 7 days
At pH 6, the silver concentration <0.2 μm decreased from 67,340 ± 5920 μg L −1 (2 h) to 48,030 ± 7570 μg L −1 (168 h).
After 24 h the concentration of this fraction in the test medium was 52,100 ± 5600 μg L −1 . From 96 h to 168 h the concentration of silver was in a range of 46,880-48,030 μg L −1 . The concentration of ionic silver did not change during the 168 h of testing and remained in the range of 71-105 μg L −1 .
At pH 8 the concentration of silver <0.2 μm decreased during the test. After 2 h the silver concentration <0.2 μm was 67,300 ± 5900 μg L −1 , after 6 h 52,900 ± 4300 μg L −1 , after 24 h 24,300 ± 2400 μg L −1 , after 96 h 7450 ± 2220 μg L −1 and after 168 h only 3690 ± 530 μg L −1 were measured. At pH 8 the concentration of ionic silver did not vary, too. The amount of ionic silver remained at a calculated mean concentration of 27.8 μg L −1 (range: 25.1-30.2 μg L −1 ) during the test period.
A decrease of the concentration of AgNPs <0.2 μm can be seen in particular for the pH 6 medium during the first 24 h of testing ( Fig. 3) . This might be explained with agglomeration of AgNPs or formation of precipitates.
During the 168 h of testing the measured mean pH values + standard deviations were 6.04 ± 0.08 and 7.89 ± 0.12 (data for media without silver addition see above).
Concentrations of silver <0.2 μm and ionic silver after 168 h
The concentrations of silver <0.2 μm and ionic silver for all loadings and pH-values are compiled in Table 1 . For ionic silver it was evaluated whether final concentrations were different (onesided t-test, 95% significance level). The concentrations for the operationally defined ionic silver fractions for the three loadings at pH 8 after 168 days were not significantly different (Table 1) .
The silver concentration <0.2 μm during the 168 h at pH 6 and 8 increased with increasing loadings of AgNPs. Comparing the formed ionic silver after 168 h at the loadings of 1 and 10 mg L −1 at pH 6, a higher concentration at the higher loading was quantified. In contrast there was no clear-cut difference in the concentration of ionic silver between the loadings of 10 and 100 mg L −1 (Table 1) . The standard deviations are given in square brackets in Table 1 .
Ionic silver in relation to the concentration of chloride ions
A study by Chernousova and Epple (2013) revealed that different concentrations of chloride in test media are an important factor controlling the concentration of free silver ions: If the concentration of chloride in the test medium increases, the concentration of free ionic silver decreases. In principle, this effect can be seen in this study, too. Higher concentrations of chloride (pH 8 with 145 mg L −1 Cl − ) in the test medium lead to a lower concentration of free ionic silver in the water with defined salt concentrations after 168 h, probably because of the potential formation of hardly soluble silver chloride (loadings of 10 and 100 mg L −1 AgNPs). However, since the pH value has to be considered as another potential factor influencing AgNPs stability, the observed effect cannot clearly be attributed to the chloride concentration alone. After 168 h at pH 6 (with 7.23 mg L −1 Cl − ) the concentration of silver <0.2 μm is higher than the concentration of silver <0.2 μm at pH 8. This effect is similar for all three loadings. Lee et al. (2012) reported that approximately 36% of AgNPs were converted to dissolved Ag. This corresponds to a concentration of 360 μg L −1 Ag + dissolved from 1 mg L −1 AgNPs. However, Table 1 Mean concentrations of silver <0.2 μm and percentage of ionic silver (operationally defined) after 168 h (loadings of 1, 10 and 100 mg L −1 , pH 6 and 8) with standard deviations in square brackets. The chloride concentration for pH 6 was 7.23 mg L −1 and for pH 8145 mg L −1 , ( * ): significant differences between samples of different loadings, ( * * ): no significant differences between samples of different loadings.
Discussion
AgNP-loading (mg L −1 ) Silver <0.2 μm (μg/L) and percentage referred to initial loading Ionic silver (μg/L) and percentage referred to initial loading Lee et al. (2012) tested in air-saturated deionized water at 22°C and applied citrate-stabilized AgNPs colloids (SARPU 200 KW).
Compared to the results in the present study, the concentrations of ions (from dissolved salts) in the applied water play an evident role in the T/D behavior of AgNPs. For the present investigation, uncoated AgNPs, stabilized by a dispersant, were used. The observed Ag + concentration in the test media was low, potentially due to complexation and precipitation of silver chloride as reported by Liu et al. (2011) . Here, a maximum of 2.8% Ag + was formed from an initial loading of 1 mg L −1 AgNPs at pH 8 at a chloride concentration of 145 mg L −1 (Table 1 ). The formation of AgCl precipitates is supported by higher concentrations of Cl − (Liu et al., 2010; El Badawy et al., 2011; Angel et al., 2013) . This may explain the rather low measured concentration of Ag + . The results indicate that AgNPs are more inert in acidic medium with lower chloride concentrations. Obviously, AgNPs can undergo transformations under alkaline conditions and higher chloride concentration more rapidly. The measured concentration of ionic silver in the test medium does not increase with higher loadings of AgNPs at pH 8. At pH 6 this effect can also be observed, except for the loading of 1 mg L −1 AgNPs. The maximum measured silver ion concentrations do not clearly increase with the applied higher loadings (10 and 100 mg L −1 ) of AgNPs. According to the OECD 29 guidance conditions (OECD, 2001) , in pH 8 medium with an initial loading of 1 mg L −1 AgNPs and a chloride concentration of 145 mg L −1 , a maximum solubility of 2.8% (Ag + ions) in relation to the loading was found. At a loading of 100 mg L −1 at pH 8, a minimum solubility of 0.03% was detected. The total measured concentration of Ag + in both media was nearly the same (28.2 and 28.8 μg L −1 , Table 1 ).
In the pH 6 medium with a chloride concentration of 7.23 mg L −1 the percentage of soluble silver was 2.3% (1 mg L −1 ) and 0.07% (100 mg L −1 ). The observed maximum total concentration of Ag + in pH 6 medium is about 70 μg L −1 Ag + .
The OECD guidance 29 (OECD, 2001) asks for controlling pH, salt concentrations and dissolved oxygen. According to the results, the concentration of silver ions originating from AgNPs (ranges from 0.03 to 2.8%, corresponds to 23-70 μg L −1 after 7 days; Table 1 ) depends on loading, salt composition and pH. The percentage of silver ions in relation to the AgNPs loadings is 2.3% (pH 6) and 2.8% (pH 8) at a loading of 1 mg L −1 . At higher loadings of 10 and 100 mg L −1 it decreases to 0.7% and 0.07% (pH 6) and to 0.3% and 0.03% (pH 8), respectively. The effect was similar under both pH conditions.
In the present study concentrations of silver ions were in the range of 9.25-70.9 μg L −1 after 7 days of testing. If the measured ion release from AgNPs could be transferred to environmental conditions, potential effects on, for example, Daphnia magna (EC 50 = 7.98 μg L −1 Ag + ) cannot be excluded (Lee et al., 2012) . Holcombe et al. (1983) found a 96-h LC 50 -value of 6.7 μg silver nitrate L −1 for Pimephales promelas. Therefore, the ion release from silver nanoparticles observed in the present study may also cause effects if a similar ion release under environmental conditions occurs. For Ictalurus punctatus (Channel Catfish) a 96h LC 50 of 17.3 μg L −1 AgNO 3 was reported (Holcombe et al., 1983) .
The measured Ag + concentrations of 9.25-70.9 μg L −1 are in a similar range as in the present T/D study and may indicate a potential toxicity towards this organism. The German environmental quality standard (EQS; intended to protect the majority of species)
for silver levels in surface waters is even 0.02 μg L −1 (total silver;
OGewV, 2011). Above the EQS adverse effects on sensitive organisms cannot be excluded.
In environmental waters are much more factors than in the laboratory tests conducted here which could influence the formation of ionic silver or precipitates and agglomerates (Loza et al., 2014) . For example, natural waters contain organic carbon. The concentration of organic carbon probably influences the transformation and dissolution of AgNPs "and can also result in altered bioavailability and toxicity of AgNPs" . The absence of organic carbon leads to a higher concentration and bioavailability of Ag + in the aquatic media. Moreover, the nanoparticles themselves (e.g., size or surface quality) can influence the T/D behavior. Aggregation effects with different coatings could play an important role (Tejamaya et al., 2012) . For example, Coleman et al., 2013 obtained different results for the dissolution of AgNPs with various coatings.
Conclusions and outlook
In this study the standardized OECD (2001) transformation/dissolution protocol was successfully applied to AgNPs. The results show that the testing of NM-300 K AgNPs in media simulating environmental conditions only leads to a low silver ion concentration, in the presence of 7.23 mg L −1 Cl − at pH 6 and 145 mg L −1 Cl − at pH 8. The data provide valuable information about the environmental behavior of AgNPs. The calculated amounts of released Ag + of 2.3 and 2.8% (Table 1) seem to be the maximum transformation and dissolution under the applied conditions. At higher loadings the formation of silver ions decreases, possibly due to effects like saturation (maximum solubility of Ag + under the applied conditions).
In further experiments the influence of higher chloride levels at pH 6 should be studied, too. However, here the media were applied following the OECD (2001) transformation/dissolution protocol. The standardized waters applied contained defined amount of ions but did not include organic matter. In future tests, also the ionic strength and organic carbon concentration should be varied at different pH values. Especially the strong binding of free ions by organic matter is well known. In ongoing studies, the determination of the toxicity of AgNPs in real environmental media is already under investigation.
It is challenging to compare different AgNPs with, e.g., different coatings and diameters, in a diversity of liquid and environmental media. Here, the testing approach following the OECD (2001) transformation/dissolution protocol may provide a common basis for comparison of data for different AgNPs.
Knowledge on the behavior of AgNPs under defined conditions is required for a refined assessment of the fate of AgNPs released to the environment.
Although according to the OECD 29 document a separate adjustment of pH and ionic strength is not requested the study results as well as literature data prove that these two parameters should be considered separately. The application of a fixed ionic strength at both pH values would allow characterizing the effect of the pH on transformation/dissolution of test compounds.
The aggregation of silver nanoparticles and precipitation of silver is a general challenge during testing of these materials. The study data, in particular the decrease of silver <0.2 μm over time, indicate rapid aggregation as well as precipitating of AgNPs and silver, respectively. The applied OECD 29 document was not developed specifically for testing nanomaterial and therefore does not cover more appropriate analytical methods for nanoparticles like e.g. nano tracking analysis (NTA) or electron microscopy for investigation of agglomeration processes.
